We analyzed 25 chloroplast simple sequence repeat (cpSSR) loci in 82 accessions, 59 of cultivated radish and 23 of three wild Raphanus species and identified 7 polymorphic loci and 20 haplotypes. The distribution of haplotypes in different species and different geographical areas was assessed. Minimum-spanning network (MSN) was used to identify phylogenetic relationships in cultivated and wild radish. The MSN provides evidence for at least three independent domestication events, including black Spanish radish and two distinct groups of cpSSR haplotypes. One of these two haplotype groups is restricted geographically to Asia. This led Asian cultivated radish haplotypes to higher cpSSR diversity than Mediterranean cultivated radish or wild radish. These data are consistent with the diversity and distribution of agronomic traits in cultivated radish. At the same time, this implies that Asian cultivated radish is not originated from the diffused descendants of European cultivated radish, probably originated from a wild species that is distinct from the wild ancestor of European cultivated radish. Unfortunately we do not know the wild ancestor of Asian cultivated radish.
Introduction
Radish (Raphanus sativus L.) is an insect-pollinated outcrossing herbaceous plant (2n = 18) that is cultivated worldwide for human consumption as a vegetable, for animal fodder, and for production of radish seed oil. Radish cultivars have been classified into several groups based on morphological and agronomical traits (i.e., the shape and color of the edible root) (Kitamura 1958) . These groups of radish cultivars include European small radish (R. sativus var. sativus L. syn. var. radicula Pers.), East Asian big long radish (var. hortensis Becker), and black Spanish radish (var. niger Kerner), Chinese oil radish (var. chinensis Gallizioli), and Rat-tail radish or Tail-podded radish (var. caudatus Hooker & Anderson). Among the wild species, R. raphanistrum, R. landra, R. maritimus are distributed in the coastal areas of the Mediterranean Sea and of the Black Sea. However, the morphological differences of these species are limited in the size of siliques. Hence, some authors considered R. landra and R. maritimus as a subspecies of R. raphanistrum (e.g. Muuoz and Bermejo 1978) . In extreme cases, all these European wild species were considered as a single species all together (e.g. Pistrick 1987, Gómez-Campo and Prakash 1999) and only two species R. sativus and R. raphanistrum are recognized as distinct species. Whereas, another wild Raphanus species, named R. sativus var. raphanistroides Makino, is distributed in the Far East, mainly in the coastal areas of Japan, Korea and China (Makino 1904) .
Domestication of the radish is likely to have occurred approximately 4 thousand years ago in Egypt (Becker 1962) , and cultivated radish and its uses were reported as early as 2000 years ago in China (Li 1989) . Morphological studies of radish plants suggest that R. sativus originated either from a single wild radish species (R. raphanistrum L., De Candolle 1886, Kobabe et al. 1959 , R. maritimus Smith, Henslow 1898 , or through hybridization (R. landra Moretti × R. maritimus, Schulz 1919 , Clapham et al. 1962 . Recent attempts to identify ancestral wild radish species employed molecular approaches including enzyme electrophoresis (Lewis-Jones et al. 1982) , RAPD analysis (Yamagishi et al. 1998) , allozyme variation (Huh and Ohnishi 2001) , and AFLP markers (Huh and Ohnishi 2002) . These studies identified candidate ancestral species (R. raphanistrum, R. landra, and R. sativus var. raphanistroides), and showed close genetic relationship between cultivated radish and R. raphanistrum (including R. landra and R. maritimus) and between cultivated radish in East Asia and East Asian wild radish R. sativus var. raphanistroides. More recently, Yamagishi and Terachi (2003) studied mitochondrial DNA (mtDNA) polymorphism in cultivated and wild radish (R. raphanistrum, R. landra, and R. maritimus), and showed similar levels of mtDNA variation in cultivated and wild radish. This result is consistent with polymerase chain reaction-restriction fragment length polymorphisms (PCR-RFLP) analysis of the orfB region of radish mtDNA (Yamagishi 2004) . It has been suggested that the high level of variation in cultivated radish may reflect the fact that cultivated radish originated from multiple wild radish ancestors. Yamane et al. (2005) also analyzed the DNA sequences of the 5′-matK region (690 bp) and performed PCR-RFLP analysis of chloroplast DNA in cultivated radish. These data suggest that at least two cultivated radish haplotypes were derived from wild radish. However, the details of wild radish domestication, wild ancestor and the place of domestication, are still unclear. More data on the geographical distribution of DNA variation among cultivated and wild accessions are needed to clarify the phylogenetic relationships among cultivated and wild radish accessions. The knowledge of the extent and the distribution of DNA variations within the genus are also needed as a framework for efficient use of genetic resources.
Analysis of polymorphism in organelle genomes is useful for defining phylogenetic relationships, because organelle genomes typically lack recombination and have a low risk for heteroplasmy, which facilitates analysis of the direction of introgression. However, the previous study (Yamane et al. 2005) on the matK and chloroplast PCR-RFLPs provided only three parsimony-informative sites in cultivated radish, which did not provide sufficient information for phylogenetic assignment of radish cultivars. Chloroplast simple sequence repeats (cpSSRs), which show a higher level of intraspecific variation than base substitutions and are readily analyzed by PCR (Powell et al. 1995) , are also suitable for evolutionary studies (reviewed by Provan et al. 2001) and have been used for high-resolution analysis of cytoplasmic diversity in crop species (i.e., rice, Ishii and McCouch 2000 , barley, Provan et al. 1999 , wheat, Ishii et al. 2001 ) and natural plants (i.e., Abies, Parducci et al. 2000) . Thus, cpSSR polymorphism may be useful for resolving questions about the phylogenetic relationships of cultivated and wild radish.
This study evaluates cpSSR polymorphism of total of 82 accessions of cultivated radish and three wild radish species, R. sativus var. raphanistroides (East Asian wild radish), R. raphanistrum, and R. landra (European wild species) distributed over a wide geographic area in Eurasia. Minimum spanning network analysis was used to propose phylogenetic relationships among the representative radish accessions.
Materials and Methods

Plant materials and DNA extraction
Total of eighty-two accessions, 59 of cultivated radish (R. sativus) and 23 of three wild radish species (R. sativus var. raphanistroides, R. raphanistrum, and R. landra) were used in this study ( (Table 1 ). Wild radish plants (100 to 1000 siliques) were collected from natural populations. In this study, R. maritimus was not used, because it is difficult to discriminate R. maritimus from R. landra based on the morphological observations (Lewis-Jones et al. 1982) , and IPK don't have the collections of R. maritimus. For cultivated radish species, mass seed samples were bought at local markets. Brassica barrelieri was chosen as the outgroup species based on the study by Ohshima et al. (2002) . Plants were grown in a greenhouse. DNA was isolated from young leaves of an arbitrarily chosen individual plant using Plant DNAzol Reagent (Gibco BRL, Grand Island, NY, USA) according to the manufacturer's instructions. So far as we checked, there found no cpDNA variation within an accession. Hence, we isolated cpDNA from one individual.
cpSSR analysis
Several previous studies used different primer pairs to analyze cpSSR variation in different chloroplast DNA regions (Weising and Gardner 1999 , Provan 2000 , Chung and Staub 2003 , Provan and Campanella 2003 . This study utilized 22 primer pairs designed by Chung and Staub (2003) and three primer pairs designed by Weising and Gardner (1999) . Because these primers were based on the cpDNA sequence of Arabidopsis thaliana, degeneracy was introduced to increase the efficiency of amplification of Raphanus cpDNA. Nine additional primer pairs designed for studies of cpDNA polymorphism in A. thaliana were also used without modification, 6 reported by Provan (2000) and 3 reported by Provan and Campanella (2003) . Here, the first group of primers, designed by Weising and Gardner (1999) and Chung and Staub (2003) , is designated as "universal" primers, and the second group is designated as Arabidopsis primers. Detailed information about the 34 primer pairs used in this study is presented in Table 2 .
Our previous studies (Yamane et al. 2005) identified two accessions of cultivated radish (C11 and J1 in Table 1 ) with distinct chloroplast haplotypes. These two cultivars were used in preliminary experiments to determine the efficiency with which primer pairs amplified and identified variation in chloroplast SSRs (Table 2) . Twenty-five out of 34 primer pairs successfully amplified SSRs in C11 and J1 cpDNA (Table 2) . Thus, these 25 primers were used for subsequent analysis of cpSSR polymorphism in 82 radish accessions and one outgroup accession. The sensitivity of the method was very high, because a one basepair length disparity was readily detected at all SSR loci; no PCR products were detected that were much shorter or longer than the predicted size of the reaction product, and no null alleles were observed, even in the outgroup accession. Fig. 1 shows an example of the polyacrylamide electrophoresis among 82 Raphanus accessions at ATCP 46615 cpSSR locus.
Polymerase chain reaction and gel electrophoresis
PCR amplification was performed in 10 μl reactions solution containing 20 ng DNA, 10 mM Tris-HCl (pH 8.3), 20 mM KCl, 1.5 mM MgCl 2 , 100 mM dNTP, 0.2 mM primer and 0.5 units Taq DNA polymerase (Takara Bio, Otsu, 
Crna Zimska R R. sativus var. caudatus (Tail-podded radish or Rat-tail radish) I0330 India Rat-tail radish Mandi E R. sativus var. sativus (European small radish) F-4 France National D S-2 Sloveinia National D Japan). The thermal cycling protocol included 3 min denaturation at 94°C followed by 30 cycles of 94°C for 30 s, 50°C (or the minimum calculated annealing temperature for the primers) for 60 s, and extension at 72°C for 60 s, followed by a final extension at 72°C for 5 min. PCR products were analyzed by electrophoresis on 1.5% (wt/vol) agarose gels in TAE buffer. Reaction products were detected by staining with Mupid ® -Blue (AdvanceBio, Tokyo, Japan). If no PCR product was detected, the reaction was repeated using an annealing temperature of 45°C. If no PCR product was obtained using an annealing temperature of 45°C, the primers were designated "no amplification" (see Table 2 ). These reactions were used to optimize annealing temperatures for all primer pairs (see Table 2 ). Touchdown PCR was carried out as follows (Don et al. 1991) : denaturation at 94°C for 3 min, followed by 35 cycles of 60 s at 94°C, 60 s annealing, and 60 s extension at 72°C. The annealing temperature, which was 70°C in the first cycle, was reduced 1°C per cycle during cycles 2-10, and maintained at 60°C for the last 25 cycles. The final extension step at 72°C was for 6 min.
PCR products were denatured at 94°C for 5 min, fractionated on 9.0% polyacrylamide gels, stained with SYBR ® Green I (Takara Bio, Otsu, Japan) and photographed under UV light. Band positions were confirmed by running PCR products at least twice.
Sequencing
DNA sequencing was carried out to confirm the length of cpSSR variants. PCR products were sequenced using amplification primers. Products of the DNA sequencing reaction were analyzed using Applied Biosystems 3730xl DNA Analyzer (Applied Biosystems, Foster City, CA, USA).
Phylogenetic analyses
DNA length differences were identified for each SSR for all accessions. All accessions that were identical at all SSR loci were considered a single haplotype. The lowest number of repeats at each SSR was designated "zero" and alleles were designated 1, 2, etc. for each increase by one in number of repeats. Allelic differences were used as phylogenetic characters. In order to detect a root position, phylogenetic relationships were also analyzed by a maximum parsimony (MP) method of PAUP* version 4.0b10 (Swofford 2002) using Brassica barrelieri as outgroup. Because the process by which chloroplast microsatellites acquire sequence changes is not known (reviewed by Provan et al. 2001) , the present SSR status is considered to be "unordered;" that is, a state that can change to any other state by a single step (Fitch parsimony; Fitch 1971) . For MP analysis, all SSR loci were weighted equally and considered to be unordered. The search method was heuristic with random stepwise addition and 'treebisection-reconnection' (TBR) branch swapping. The reliability of the clades on the shortest tree(s) was assessed using bootstrapping with PAUP (Felsenstein 1985) . One thousand replicates were performed for bootstrapping. The data were also used to generate a "minimum spanning network (MSN)," in which the shortest and fewest number of branches connect all the haplotypes. Nonpolarized phylogenetic characters (i.e., number of repeats in all SSRs) were assembled into a matrix, which was analyzed using ARLEQUIN2.0 (Schneider et al. 2000) .
Results
Conserved nature of universal primers
The percentage of polymorphic primer pairs were 16 and 67% for universal primer pairs and Arabidopsis primer pairs, respectively (difference is significant at P < 0.05; Fisher's exact test) ( Table 2 ). This suggests that the universal primer pairs target chloroplast regions that are more highly conserved than Arabidopsis primer pairs.
Haplotypic and allelic polymorphism in cpSSRs
Seven of 25 cpSSR loci examined in this study were polymorphic, i.e. ATCP28673, ATCP46615, ATCP42555, ccSSR8, ccSSR9, ccSSR14, and Re-ccSSR23. The number of alleles at these 7 loci was 2, 2, 3, 4, 2, 2 and 2, respectively (see Table 2 ). A total of 20 haplotypes (designated A to T, see Table 1 ) were detected in total of 82 Raphanus accessions, 13 haplotypes in cultivated radish and 13 haplotypes in wild radish. Table 3 summarizes the distribution of haplotypes in different varieties of cultivated radish and different wild species. Genetic constitution of haplotype in Raphanus species was listed in Table 4 .
Previous PCR-RFLP analyses (Yamane et al. 2005) of 60 Raphanus accessions detected only two haplotypes. In contrast, 20 haplotypes were detected in 82 Raphanus accessions in this study, suggesting that cpSSRs are a sensitive marker of genetic diversity in Raphanus (Table 1) . It was Table 1 . The lanes at the far right, M1 and M2, are size markers for assessing 1 base pair length differences. The fragments of these markers were amplified by PCR and the size was confirmed by DNA sequencing. also fortuitous and valuable that all primer pairs used in this study amplified their target site in Brassica barrelieri; thus, it was possible to identify the root position of the phylogenetic network in Raphanus via MP analysis.
Phylogenetic relationships and geographical distribution of cpSSR haplotypes
Fifty percent majority-rule consensus tree of 100 shortest trees is shown in Fig. 2 . Notably, Fig. 2 shows that different accessions of the same species of wild Raphanus did not cluster together.
Minimum spanning network analysis clearly showed a star-like network topology for cpSSR haplotypes of cultivated and wild Raphanus (Fig. 3) . The phylogenetic root position was indicated by an asterisk using the outgroup Brassica barrelieri. In cultivated radish, 25 and 32 accessions belonged to haplotypes E and N, respectively, and these were the most frequently observed haplotypes. Haplotype E is widely distributed in Europe and East Asia and occurs in var. sativus, var. hortensis and var. caudatus; in contrast, haplotype N is restricted geographically to Asia, (i.e., China, India and Japan) in var. hortensis (Table 1 and Fig. 2 ). Ten haplotypes (C, E, F, H, I, L, M, N, O and P) were detected in 44 accessions of cultivated Raphanus from Asia (India, Nepal, China, Korea and Japan). These haplotypes from Asia are genetically well differentiated from each other (Fig. 2  and Fig. 3 ). In contrast, only haplotypes D and E were detected in 8 accessions of var. sativus from Europe, and these haplotypes were closely related to each other ( Fig. 2 and  Fig. 3 ). Seven out of 13 haplotypes, C, D, F, L, M, O and P, were only found in cultivated radish. Figures 2 and 3 show that haplotype R, represented in two accessions of R. sativus var. niger, were relatively distantly related to other cultivated radishes. Except for R. sativus var. niger, haplotypes represented in cultivated Raphanus accessions were divided into several groups (see Fig. 2 ). The position of haplotype H, I, F, T, and G in the MP trees was not consistent with that in the MSN.
In wild radish, a total of 13 haplotypes were detected, seven of which (A, B, G, J, Q, S and T) were observed only in wild Raphanus. Haplotypes A (R. landra), B (R. landra) and Q (R. raphanistrum) are situated around the root position ( Fig. 2 and Fig. 3 ). No unique (East Asia specific) haplotypes were detected in East Asian wild radish, while Raphanus landra had 4 species specific haplotypes A, B, G, and T. Three haplotypes J, Q and S were species specific to R. raphanistrum.
Discussion
Incongruence between morphological classification and haplotype network of cpSSR in wild radish
The phylogenetic relationships among wild species of Raphanus are poorly understood, despite its importance as a genetic resource of commercial crop. To understand the evolutionary history of cultivated Raphanus, better understanding is needed of the geographical distribution and genetic diversity of wild Raphanus. In this study, cpSSR polymorphism was analyzed in a large number of accessions of wild and cultivated Raphanus from Eurasia. In-depth phylogenetic analysis clearly demonstrated polyphyly of all wild Raphanus species (Fig. 2) , i.e. the results presented here are in Table 4 . Genetic construction of haplotype in Raphanus species; number of each colum shows the allele at each polymorphic locus Locus Name ATCP28673 ATCP46615 ATCP42555 ccSSR-8 ccSSR-9 ccSSR-14 re-ccSSR-23 disagreement with previously proposed traditional morphological classification of wild Raphanus species. In addition, phylogenetic analysis also showed that the phylogenetic relatedness of haplotypes did not correlate with their current geographical distribution, indicating that geographic interruption did not cause the genetic divergence between (or within) wild Raphanus species. Lewis-Jones et al. (1982) proposed that all Raphanus species belong to a single coenospecies based on allozyme analysis of wild and cultivated species of Raphanus. In fact, it has been reported that hybrids among Raphanus species have at least 40% seed and pollen cross-fertility (Harberd and Kay 1975) . Therefore, it is likely that frequent gene flow and migration within Raphanus species might have led to the complex relationships that currently exist among Raphanus species. This complexity in wild radish confounds attempts to clarify the evolutionary history of cultivated radish. However, our present analyses provide new insights into the genetic structure and evolutionary history of cultivated radish, which is discussed below.
Multiple origins of cultivated radish
One of the most basic questions for the evolutionary history of any cultivated species is where, when and how often the corresponding wild species was domesticated. Recent molecular data provide evidence for multiple independent domestication events (Yamagishi and Terachi 2003 , Yamagishi 2004 , Yamane et al. 2005 . This idea is supported by the present study too, which demonstrated that cultivars of domesticated radish include several phylogenetically distinct groups of haplotypes (Fig. 2) . Especially, major two groups, one group of haplotypes C, J, D, and E (Major type I) and the other group K, L, M, O, and N (Major type II), which were phylogenetically distinct from each other, were likely to have independent origins. In addition, two accessions, F1 and S3, of R. sativus var. niger and one accession of East Asian wild radish from Kazakhstan belong to the haplotype R, while the closely related haplotypes Q and S (R. raphanistrum) were represented by accessions from Russia and Poland, respectively. Although these data are not sufficient to conclude that black Spanish radish derived from East Asian wild radish in Kazakhstan, they do suggest that haplotype R is distinct from other haplotypes of cultivated radish, and that domestication of R. sativus var. niger may have occurred as an independent event. Thus, we propose at least three independent domestication events involving wild radish, corresponding to two major groups of haplotypes, and the haplotype R. This proposal explains the high level of genetic diversity in cultivated radish. Similar observations have been made for other plant species including Phaseolus beans (Gepts 1988) , chili peppers (Capsicum) (Pickersgill 1989) , Cucurbita (Andres 1990 , Smith 1997 , Sanjur et al. 2002 , cotton (Wendel et al. 1992, Brubaker and Wendel 1994) , olive (Contento et al. 2002) , soybean (Xu et al. 2002) , and rice (Londo et al. 2006) . Thus, multiple domestication events may be more common than previously considered. They definitely increase the genetic diversity of cultivated plants.
High-level of cpSSR variation in cultivated radish
Another significant result of this study is that in cultivated and wild radish the diversity index was similar (0.69 and 0.83) and the number of cultivated and wild species specific haplotypes was identical (7). This unexpectedly high level of genetic diversity in cultivated radish as compared with wild species may reflect multiple domestication events, as discussed above. Additionally, Fig. 3 shows that the six haplotypes unique to wild radish (A, B, G, Q, S and T) are in an internal position of the MSN, whereas the five haplotypes unique to cultivated radish (C, D, M, P and O) are in an outlying position. One interpretation of this result is that haplotypes unique to cultivated radish were generated either by mutation after domestication or due to polymorphism at the time of domestication, and that haplotypes unique to wild Fig. 3 . Minimum-spanning network (MSN) showing relationships among cpSSR haplotypes in wild and cultivated radish. Size of circles is proportional to the haplotype frequency in all samples (see scale). White and black circles correspond to haplotypes found exclusively in cultivated or wild species, respectively; black and white striped circles correspond to haplotypes found in both cultivated and wild species. The root position for cultivated radish haplotypes is indicated by an asterisk.
radish have probably arisen in evolutionary old time, and which are unrelated to haplotypes of domesticated cultivars. Indeed, as shown in Fig. 3 , the unique haplotypes A and Q of wild radish are near the root position of the MSN. Unique haplotypes of wild radish populations, including those of fairly recent origins, were not involved for a domestication event.
High level variation of cpSSRs in cultivated radish in Asia Interestingly, accessions of cultivated radish from the Mediterranean region included only haplotypes D and E. In contrast, accessions of cultivated radish from Asia have a large number of cpSSR variations and many haplotypes of major types I and II. These findings indicate clear regional difference (Europe vs. Asia) in cpSSR diversity. These data are consistent with the current diversity of agronomic traits in cultivated radish; that is, cultivars from Asia show greater diversity than cultivars from the Mediterranean region (Crisp 1995) . What factors led to the high level of genetic diversity in cultivated radish in Asia? Recent and old time diffusion of European cultivated radish into Asia is one of the reasons, as suggested by Wang et al. (2008) . However, it solely cannot explain the diversity of haplotypes of major type II in Asia. Now, we should seriously consider the issue on the origin of Asian cultivated radish in Asia (for example in Central Asia) and diversification of Asian cultivated radish in Asia.
As for wild ancestor of cultivated radish in Asia, the geographic distribution of wild radish species indicates that only East Asian wild radish (R. sativus var. raphanistroides) grows in Asia. This species possesses the white or purple flower trait, and it is uncertain whether it is native to East Asia. Makino (1904) insisted that East Asian wild radish escaped from cultivated radish. However, this assertion was proved incorrect by studies of mitochondrial DNA (Yamagishi et al. 1998) , and the origin of East Asian wild radish remains in question. Our data (Table 3 and Fig. 2 ) suggested that East Asian wild radish had high level of cpSSR, and the East Asian wild radish is closely related with East Asian cultivated radish, as shown in Yamagishi et al. (1998) 's mitochondrial study. These studies suggest that East Asian wild radish contributed to the establishment of East Asian big long radish in Asia, which agrees with the previous proposals by Sinskaya (1931) , Kumazawa (1956) , and Aoba (1989) . No wild radish species with the white or purple flower trait is found in Europe, which raises a question; from where this trait is originated. The present study does not provide any answer to this question, and therefore, additional studies are needed by taking a hypothesis of Asian origin for Asian cultivated radish into account.
